Microcathodoluminescence ͑CLS͒ spectroscopy is used to probe the effect of ionizing radiation on defects inside Al gate oxide structures. Micron-scale Al-SiO 2 -Si capacitors exposed to 10 keV x-ray irradiation exhibit spatially localized CLS emissions characteristic of multiple deep level traps, including positively charged oxygen-deficient centers and nonbridging oxygen hole centers ͑NBOHC͒. Irradiation produces both increases and decreases in their relative emission intensities, depending on spatial location within the oxide. These changes result in a gradient of EЈ versus NBOHC defect densities across the oxide thickness between Al and Si interfaces. These results demonstrate that x-ray irradiation-induced deep level traps can be monitored spatially in metal-oxide-semiconductor gate structures, that x-ray irradiation produces separate increases or decreases in EЈ versus NBOHC defect densities, and that these changes vary with position within the oxides.
I. INTRODUCTION
The design of microelectronic structures with improved resistance to the effects of space radiation involves the control of electrically active defect states that are created in gate and isolation oxide structures. In turn, such control requires an understanding of how the properties of such defects depend on the local chemical bonding environment and how ionizing radiation activates these defects. The spatial distribution of defects within the oxide can provide information on the microscopic formation and electronic evolution of such defects due to irradiation.
Cathodoluminescence spectroscopy ͑CLS͒ can provide evidence for electronic traps in semiconductors and oxides. The incident electron beam generates electron-hole pairs that induce electronic transitions involving deep levels and band edges, even for very wide band-gap insulators. The emissions from these transitions provide a ''fingerprint'' of known atomic defects. In a cross section, CLS can provide spatially localized spectra to probe trap activation across the oxide of a metal-oxide-semiconductor ͑MOS͒ device structure. Depth-localized CLS can measure defects within SiO 2 ultrathin films and at SiO 2 thin-film interfaces, as well as their change under process conditions.
1 Micro-CLS measurements in a cross section often reveal new features associated with local interfaces.
2 There have been many CLS studies of defects in SiO 2 and their optical features in various forms of silica have been cataloged. 3 Extensive electron-spin resonance studies of point defects in SiO 2 provide correlations between CLS optical features and the bonding nature of the corresponding point defects. 4 -8 These and other studies reveal the presence of several defects common to most SiO 2 , as well as their response to electron or x-ray irradiation. 4 -8 As part of our effort to understand the basic atomic-scale mechanisms responsible for the radiation-induced degradation observed in microelectronics, we have used CLS produced with a scanning electron microscope ͑SEM͒ to measure the optical emissions of defects within Al-SiO 2 -Si gate dielectric structures, their spatial variations, and the effects of irradiation. The study of defects in SiO 2 in localized regions presents a significant challenge since electrons can introduce or alter defect features at sufficiently high doses.
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II. EXPERIMENTAL PROCEDURE
The CLS experiment consists of a JEOL JAMP-7800F ultra-high vacuum ͑UHV͒ scanning electron microscope ͑SEM͒ that serves as the electron-beam source. Optical emissions are collected using an Oxford MonoCL apparatus consisting of a parabolic collection mirror on the UHV side coupled through a quartz viewport to an air side monochromator and Hamamatsu HSPMT photomultiplier tube detector with a 1200 line/mm grating, blazed at 500 nm. Nominal spectral resolution was 2 nm and instrument response was slowly varying and monotonic in the spectral region of interest. The samples were cleaved ex situ and mounted in an a͒ Author to whom correspondence should be addressed; electronic mail: whiteb@ee.eng.ohio-state.edu edge-on orientation to obtain cross-sectional SEM images. With this analysis method, all bulk and interfacial regions of interest are directly observable on the SEM image, and the electron beam can be selectively placed to obtain localized optical emissions from these regions. For all samples, optical emissions are characterized in the spectral range of 300-800 nm. In all cases, the SEM electron-beam energy was 10 keV, which corresponds to a median penetration depth of ϳ500 nm beyond the cleaved surface. This implies that any observed luminescence originates from beneath the cleaved surface in material that was not exposed to any ex situ contaminants. The 10-keV electron beam has a nominal 50-nm diameter spot size for beam currents employed in this study. The electron beam was operated in ''scanning'' mode inside a region defined by a square of ϳ200 nm per side, with an incident beam current of 0.5 nA.
Our previous studies of SiO 2 showed 1,12 that the electron beam can alter optical emission intensities with cumulative dosage. The 0.5-nA beam current was carefully chosen such that the emission intensities were not affected during the length of an individual scan (ϳ300 s͒. In general, the Si/SiO 2 system exhibits weak luminescence signals ͑ϳ500 counts per second in this study͒, requiring multiple scans to achieve good signal-to-noise ratios. Successive scans were taken in adjacent spatial regions to assure there are no electron-beam effects. Successive spectra taken at different lateral positions along the same interface were highly reproducible, confirming our ability to align the electron beam precisely. All figures shown reflect an averaging of at least five successive spectra taken at different lateral positions.
The samples studied here were thick oxides grown under 1100°C wet oxidation conditions. 13 The samples were comprised of structures consisting of patterned gate Al/1.05 m SiO 2 / Si (nϭ10 15 cm Ϫ3 ) MOS capacitors, the C-V curves for which were shifted by ϳ20 V after irradiation ͓total doseϭ 0.58 krad (SiO 2 ) with 10 keV x rays͔. This shift corresponds to an effective areal charge density of ϳ4 ϫ10 11 cm Ϫ2 , projected to the interface. A nominal ϩ0.5 MV/cm field was applied to the oxide during x-ray irradiation, by applying voltage from the Al gate to the metallization on the back of the specimen. Irradiation was performed at Vanderbilt University and the samples were then immediately sent to Ohio State for spectroscopic analysis. All samples were analyzed as quickly as possible after arrival ͑Ͻ7 days͒ to minimize any time degradation in radiation effects, and were not electrically biased during spectroscopic analysis. For each sample, a small amount of silver paste was applied from the aluminum metallization on the SiO 2 film to the sample mount, thereby providing an electrically conductive path to ground. This method was effective for minimizing charging effects observed in our SEM images, and allowed for a precise positioning of the electron beam for the duration of each spectral scan.
All results from irradiated samples were compared to results from reference samples that were not irradiated. The 10-keV incident electron beam provided the spatially localized excitation for the CLS measurements in a cleaved crosssectional view. The reference and irradiated samples were taken from the same wafer. All spectra were performed at room temperature ͑300 K͒.
III. RESULTS
The cross section resulting from ex situ wafer cleaving exposed cross sections of both Al-SiO 2 -Si and SiO 2 -Si interfaces at different locations along the cleaved wafer edge. Backscattered electron contrast differences between Si and SiO 2 in the SEM micrographs allowed for accurate determination ͑within ϳ20 nm͒ of the spatial location of the SiϪSiO 2 interface for both types of interface. Si-SiO 2 interface, respectively. Label A represents the Al-SiO 2 interface or the bare SiO 2 surface, as appropriate for the gated and ungated regions. In the bare SiO 2 region, the boundary between the film and vacuum ͑i.e., edge of the sample͒ was also well defined. In the metallized region, the Al-SiO 2 cleaved interface was generally of poor quality, so care was taken to perform analysis in regions that permitted determination of the interface location with similar precision. The square boxes are drawn to scale and with proper orientation for the 200-nm scanning area and represent typical SEM beam positioning. Figure 3 shows micro-CLS spectra of the Al-SiO 2 ϪSi Regions A, B, and C previously defined for both the irradiated versus unirradiated ͑reference͒ samples. Figure 4 shows the analogous spectra for all ungated SiO 2 /Si regions. In both figures, the spectra from each of the three spatial regions have been arbitrarily normalized to the 1.9-eV emission, due to the possibility of slight deviations in the crosssectional optical collection efficiency from sample to sample. In general, such deviations are not large since absolute spectral intensities vary by less than a factor of 2 from specimen to specimen. All spectra in these figures are uncorrected for the optical response of our system, which we compensate for by our analysis method, i.e., quantitative comparison of the relative changes in emission before versus after irradiation. CLS measurements in both figures show the presence of three peak features: pronounced emissions at 1.9 and 2.7 eV that we have reported previously 1 for SiO 2 ultrathin films on Si as well as a weak emission at 2.2 eV. Each of these features are present in both the metallized and bare SiO 2 regions, and can be associated with a particular defect. 4 -8 The reference spectra ͑square dots͒ show a relatively weak 2.2-eV emission in all spatial locations, compared with the 1.9 and 2.7 eV intensities. Within the uncertainty of our measurements, the emission broadness ͑i.e., full width at half maximum͒ for the 1.9 and 2.7 eV emissions are unchanged for all conditions of beam positioning and irradiation. For this reason, we consider only peak emission intensity for each feature in subsequent analysis.
Comparison of the micro-CL spectra of the Al-SiO 2 ϪSi Regions A, B, and C after 10-keV x-ray irradiation in Fig. 3 shows that the 2.7-eV defect peak increases with proximity to the Al interface, both relative to the 1.9-eV peak and relative to the analogous spectrum in the unirradiated specimen. At Location A, irradiation appears to increase the 2.7-eV peak and decrease the 2.2-eV feature. At Location C, irradiation appears to decrease the 2.7-eV peak and reduce the 2.2-eV feature slightly. At Location B, spectra for irradiated and unirradiated samples appear similar.
Comparison of the micro-CL spectra of the bare SiO 2 ϪSi Regions A, B, and C after 10-keV x-ray irradiation in Fig. 4 shows analogous behavior. At Location A, irradiation appears to increase the 2.7-eV peak. At Location C, irradiation appears to decrease the 2.7-eV peak. At Location B, no spectral changes are evident between irradiated versus unirradiated samples. Furthermore, there appear to be no significant changes in 2.2-eV features as a function of location or irradiation.
Comparison of the micro-CL spectra between the Al-SiO 2 -Si and bare SiO 2 -Si regions also show significant differences. At Point A, the 2.7-eV peak for specimens both with and without irradiation is markedly enhanced for the metallized relative to the bare SiO 2 -Si region. There appears to be no similar enhancement at Points B or C between the metallized versus bare SiO 2 -Si structures. Overall, the 1.9 and 2.2 eV peaks are comparable for both the metallized and bare regions for each sample at each point ͑A, B, and C͒, and are of the strongest intensity in the middle of the SiO 2 film ͑Points B in each figure͒. Figure 5 illustrates the relative changes in peak intensities as a function of position for the spectra given in Fig. 3 . Even though variations in optical collection efficiency are small, we discuss only relative emission changes in order to eliminate any effect of such changes on our analysis. Figure  5 shows the ratio R(2.7 eV/1.9 eV) of the 2.7-to 1.9-eV signal strengths for the Al metallized region of the reference and irradiated specimens at the three different regions probed. As before, the dotted line illustrates the reference while the solid line denotes the irradiated sample. At the Al-SiO 2 interface ͑Position A͒, R(2.7 eV/1.9 eV) is 28% higher in the irradiated specimen than in the reference specimen. Both ratios remain higher than in the SiO 2 layer or at the SiO 2 -Si interface, especially after irradiation. At Position C, the irradiated specimen exhibits a 25% lower R(2.7 eV/1.9 eV) compared with the reference specimen. Figure 6 reflects similar behavior for the bare SiO 2 region with and without irradiation. Changes occur similar to those in Fig. 5 at Regions A and C, with R͑2.7 eV/1.9 eV) 40% higher for the irradiated versus unirradiated specimen at the vacuumϪSiO 2 boundary. Similarly, R͑2.7 eV/1.9 eV) is 30% lower at the SiϪSiO 2 interface ͑Region C͒. The close correspondence of the 1.9-and 2.2-eV features for the bare SiO 2 /Si specimen between reference and irradiated peaks suggests that normalization to the 1.9-eV peak is appropriate and that the changes in R͑2.7 eV/1.9 eV) are due primarily to changes in the 2.7-eV peak. An alternative normalization to the 2.2-eV shoulder has no effect on the ratios in Figs. 5 and 6, nor the apparent changes in the 2.7-eV peak in Fig. 4 versus location in the oxide. However, Fig. 3 shows significant changes in the 2.2-eV feature versus the 1.9-eV peak near the metal interface ͑A͒ of the Al/SiO 2 /Si specimen. At this location, R͑2.2 eV/1.9 eV) decreases by nearly 40% with irradiation compared to ϳ10% for Locations B and C. Nevertheless, normalization to the 2.2-eV shoulder in Fig. 3 would serve to further emphasize the increase in the 2.7-eV peak near the metal interface, while preserving its ͑smaller͒ decrease at the Si/SiO 2 interface. Hence, either normalization indicates substantial variations in the 2.7-eV peak with location within the oxide.
Lateral intensity variations of the spectral features reveal that all emissions originated exclusively from the SiO 2 film. A CASINO 14 Monte Carlo simulation showed a characteristic ͑i.e., 1/e attenuation͒ excitation radius for backscattered electrons of ϳ0.7 m for the 10-keV beam in Si. Indeed, fitting the exponential decay of the observed spectral intensities of trap emission into the Si, starting from the SiO 2 /Si interface ͑not shown͒, yields a value of 0.6 m. Furthermore, if the beam is positioned in the Si sufficiently far from the SiO 2 (Ͼ1.2 m), no emission is detected. This behavior shows that all luminescence originates from the oxide or its interfaces. A similar electron-beam characteristic radius is predicted by CASINO for the SiO 2 film, implying a large percentage of the beam is contained at the center of the film when positioned at Location B. The large changes in R(2.7 eV/1.9 eV) at the two SiO 2 interfaces indicate the beam radius is in agreement with the simulation. Otherwise, such changes in R(2.7 eV/1.9 eV) would not be observable, as they would be averaged out.
In order to verify that the SEM electron beam was not inducing changes that could alter our results, we monitored time-dependent effects during the length of individual scans. For these measurements, the electron beam was positioned at a previously unanalyzed spot with beam current and raster size identical to those employed in all previous scans. Emissions were collected in a monochromatic mode for each of the three defects previously identified ͑1.9, 2.2, 2.7 eV͒ for the normal length of an individual spectrum ͑ϳ300 s͒. Within the Ϯ5% noise level of the spectra, the 2.2-eV emission was unaffected by the electron beam in this time interval. The 1.9-and 2.7-eV emissions each increased linearly over the 300 s time period, with a final increased intensity of FIG. 5 . The ratio of the intensities of the 2.7-eV feature to that of the 1.9-eV feature for both the reference ͑dots͒ and irradiated ͑lines͒ cross-sectional samples at points A, B, and C for the Al metallized region of the sample. R(2.7/1.9) is 28% higher for the irradiated sample than in the reference sample for the Al-SiO 2 interface ͑Region A͒. At the Si-SiO 2 interface ͑C͒, R(2.7/1.9) of the irradiated specimen exhibits a 25% lower intensity ratio compared with the reference sample.
FIG. 6.
The ratio of the intensities of the 2.7-eV feature to that of the 1.9-eV feature for both the reference ͑dots͒ and irradiated ͑lines͒ cross-sectional samples at points A, B, and C for the unmetallized region of the specimen. R(2.7/1.9) is 40% higher for the irradiated sample than in the reference sample for the vacuumϪSiO 2 interface ͑Region A͒. At the SiϪSiO 2 interface ͑C͒, R(2.7/1.9) of the irradiated specimen exhibits a 30% lowerintensity ratio compared with the reference sample. The graph is plotted on the same vertical scale as Fig. 5 .
Ͻ15%, compared with the initial values. This behavior was observed for both reference and irradiated cross-sectional samples. Previous SEM studies of electron-beam effects in quartz with higher-current densities project comparable or smaller effects under our conditions. 3 It is important to note that during spectral acquisition ͑e.g., Figs. 3 and 4͒ , 300 s represents the total length of the scan, at which point all defect intensities have already been measured. For example, the 2.7-and 1.9-eV emission intensities are recorded at ϳ100 and ϳ200 s, respectively, from the beginning of the scan. Given the linear increase in emission, the adjusted electron-beam effects for both emissions are Ͻ10%. This percentage change is 2.5 times smaller than any of the changes in R(2.7/1.9) discussed above. Note that such electron-beam effects should appear systematically for each and every spectrum so that the net effect on relative R(2.7/1.9) is much smaller than 10%. Also, the changes in R(2.7/1.9) reproducibly exhibit both increases and decreases at the different interfaces, which would be difficult to explain by the electron-beam effects we observe. We therefore conclude that electron-beam effects produce relatively small or negligible effects on R(2.7/1.9) versus position plots shown in Figs. 5 and 6.
IV. ANALYSIS
The CLS data presented in Figs. 3 and 4 show that two defect emissions at 1.9 and 2.7 eV dominate the optical spectra from thick Al gate oxide structures. Additional emission at ϳ2.2 eV is present with much lower intensity. CLS measurements have reported the 2.7-eV feature previously in crystalline SiO 2 , amorphous SiO 2 , SiO x , and SiO x at thermally grown SiO 2 -Si interfaces. See, for example, Refs. 3,4,9-11,15, and 16. Based on electron-spin resonance studies, this 2.7 eV emission is generally associated with EЈ centers, namely, positively charged O vacancies 4, 5, 17 and more specifically with its precursor, the electrically neutral, unrelaxed, oxygen-deficient center termed ODCII. 18 The EЈ center is considered the most important trap center in silicon oxides and has been modeled as an unpaired electron localized on a Si atom back bonded to three O atoms, denoted ϵSi •, where ϵ denotes the three bonds and • represents an unpaired spin. 4, 6 The ODCII precursor involves oxygen vacancies neighbored by two Si atoms (ϵSi . . Siϵ). Its photoluminescence ͑PL͒ intensity correlates with the concentration of electron-paramagnetic resonance detected E' centers. 18 The 1.9-eV feature has been also been previously reported in crystalline and amorphous SiO 2 by CLS. 3, 4, 10, 11, 15, 16 Broad structure at 1.9-2.0 eV has been attributed to a -SiO x bonding environments, interface microstructure, or associated point defects associated with the otherwise crystalline Si at the Si/SiO 2 interface. 3 Well-defined CL and photoluminescence ͑PL͒ peaks at 1.9 eV are attributed to nonbridging O hole centers 16, 19 ͑NBOHC͒, the leading interpretation for this feature. [3] [4] [5] The structure of the NBOHC has been inferred from 17 O electron-spin resonance hyperfine structure and is denoted by ϵSi-O•. 4, 20 It can result from the fission of a strained Si-O-Si bond.
The 2.2-eV feature has also been reported in CL spectra previously. 3, 21 It is more prominent in dry-grown versus chemical vapor deposited oxides and is related to the structure of SiO 2 thin films. 21 PL and absorption studies show a 2.1-eV peak with characteristics of a self-trapped exciton. 22 CL studies of quartz using an SEM at 30 keV, 0.25 A, and 0.6 m beam diameter exhibit spectra similar to those in Figs. 3 and 4 with a small 2.28-eV feature dominated by 1.9-and 2.7-eV peaks. 3 There have been numerous studies of defects induced by radiation in various forms of SiO 2 . These include observations of 1.9-eV PL induced by x-ray irradiation in silica optical fibers, 23 x-ray-induced PL at 1.9 eV in a -SiO 2 , 19 2.7-eV PL, and 1.9-eV absorption induced by C 60 x-ray irradiation in thin film silica 24 and silica fibers, 25 respectively. By inspection of these figures, R(2.7 eV/1.9 eV) is unaffected by irradiation in the SiO 2 bulk region ͑Position B͒. At Position A, R(2.7 eV/1.9 eV) increases by 28% and 40% in the metallized and bare SiO 2 regions, respectively. At the Si-SiO 2 interface ͑Position C͒ the opposite effect is observed, i.e., the ratio decreases upon irradiation by 25% and 30% in the metallized and bare regions, respectively. This analysis suggests that the effect of radiation in the SiO 2 film is to produce a gradient of change in the ratio of intensities for the 2.7-eV feature compared with the 1.9-eV feature. This gradient effect is present in both the metallized and bare SiO 2 regions.
The higher R(2.7 eV/1.9 eV) value before irradiation at the crystalline-Si/SiO 2 interface versus the SiO 2 bulk in Figs. 5 and 6 may be due to O outdiffusion at the interface and resultant O vacancy formation in the SiO 2 . 26 This is consistent with an asymmetry in the density of hole traps within metalϪSiO 2 ϪSi devices reported previously. 27 The radiation-induced decrease in R(2.7 eV/1.9 eV) trap emission intensity at the crystalline-Si/SiO 2 interface ͑Location C͒ in both structures is consistent with assignment of this peak to the EЈ precursor, ODCII, such that the peak intensity decreases as some of the ODCIIs trap radiation-generated holes and become positively charged EЈ defects.
Similarly, the increase at the Al/SiO 2 interface relative to the SiO 2 bulk may be due to O depletion at the interface with the Al overlayer and formation of O vacancies in the SiO 2 . Indeed, quantitative Auger-electron spectroscopy depth profile studies show that the Al-SiO 2 interface contains an interfacial layer due to reduction of the SiO 2 and formation of Al 2 O 3 .
28 This metal-semiconductor reaction is thermodynamically favorable, even at room temperature. 29 Such reactions are common at metal-semiconductor junctions in general, and their presence correlates with changes in interface charge transfer. 30 Bond breaking due to x-ray irradiation can promote the Al-SiO 2 reaction further 28 and could account for the increase in O vacancy defects and hence the R(2.7 eV/1.9 eV) increase at Location A after irradiation. While such bond breaking might also promote O diffusion from SiO 2 into Si, the thermodynamic driving force to form an Al oxide at the Al-SiO 2 interface is much higher.
The signal-to-noise ratio S/N of the spectra in Figs. 3  and 4 provide an indication of the detection limit of the SEM-based CLS technique in this MOS structure. For count rates of ϳ500 cps, S/Nϳ25. Assuming that the CLS peaks are proportional to defect densities, the areal charge densities of ϳ4ϫ10 11 cm Ϫ2 measured electrically correspond to a detection limit of ϳ2ϫ10 10 cm Ϫ2 . While our spectra cover a wide spectral range and detect two major trap features, there may be additional trap emissions at lower energies as well. Such traps may aid in analyzing the specific bias-dependent changes we report here. For example, the Si dangling bond or P b0 defect, known to emit at h ϳ0.8 eV, lies at energies below the low-energy detection cutoff of our optical system. 12 Infrared detection optics will be added to our SEM-based CLS system in the near future in order to measure emissions in this range.
V. CONCLUSIONS
This work demonstrates that cathodoluminescence spectroscopy can detect optical emission from oxide traps within thick film metal-oxide-semiconductor structures. These are the first direct microscopic measurements of radiationinduced electronic traps as a function of position within MOS gate oxides. Irradiation of oxides can produce both increases as well as decreases in relative trap densities measured within the oxide. Specifically, the effect of irradiation is to produce a gradient of change of the ratio ODCII ͑EЈ precursor͒ versus NBOHC trap emission intensity ratio across the oxide between its Si substrate and a metal film or free surface. These changes are attributed both to x-rayinduced free-carrier migration and to chemical interactions at the SiO 2 interfaces. These results represent the first step in using CLS to map electronic traps within real device structures on a microscopic scale.
